. 1974. Production and bioassay of genespecific RNA determining resistance of wheat to stem rust. Can. J. Bot. 52: 2489-2497. Gene-specific RNA direct1 involved in resistance of wheat (Tritic~rrn aestivzrtn L.) to stem rust (Pliccirzia grarninis Pers. {sp. trifici Eriks. and E. Henn.) was produced only in interactions involving an avirulent race of stem rust. The genotype of the host did not affect the production of this RNA, suggesting that the RNA involved in the expression of resistance is a product of the gene for avirulence.
Introduction
Recent investigations (5, 9) showed that ribonucleic acid (RNA) is directly involved in the resistant reaction of wheat (Triticum aestivutn L.) to stem rust (Puccinia grailziizis Pers. f. sp. tritici Eriks. and E. Henn.), and that the active RNA shows specificity comparable with the specificity of the host-parasite system. These results were obtained with the use of a bioassay in which extracts were tested for activity by injection into leaves of resistant and susceptible near-isogenic lines of wheat, both infected with a virulent race of stem rust. Injection of active extracts produced significantly more necrotic sites in genotypically resistant leaves than in genotypically susceptible 'Contribution No. 608, Research Station, Winnipeg. leaves. In these early experiments, all active extracts were prepared from resistant-reacting tissues, but it was not known whether the resistant reaction was necessary for the production of active RNA and whether this RNA was a product of the host or the fungus. Experiments to answer these questions have been carried out and are reported in this paper.
The bioassay used in this work showed variability which necessitated the use of large samples to obtain statistically significant data. There was also variability between experiments that appeared to be related to the conditions of the bioassay. Some factors that influence the bioassay were investigated to reduce variability and to improve sensitivity.
Materials and Methods

Pla~it Malerial
Resistant and susceptible near-isogenic lines of wheat produced from chro~nosome substitution lines of Chinese Spring wheat (7) were used in these studies. Purity of the lines was tested by inoculation with appropriate stem-rust races [Sr6 lines: races C17(56) and GJj(56.4); SvII lines: races C22(32) and C45(56A); Sr5 lines: races C21(17) and C45(56A)]. All lines contained off-type plants. To obtain pure seed, 20 single-plant selections were made from each chromosome substitution line. Each selection was tested for purity. Pure selections were increased in the greenhouse where outcrossing was minimal.
Races of Stern Rltst
Five races of stem rust with different virulence patterns on Sr5, Sr6, and S r I I genes for resistance were selected for this study (Table 1 ). Since even a small level of contamination could give misleading results in the bioassays, each race was periodically checked for purity by inoculation of differential hosts (3) . Cultures were maintained on seedlings of Little Club wheat grown in the greenhouse in pots covered with Sisal Glaze vinyl hoods with a positive flow of filtered air to excl~~de contamination. Freshly produced and collected spores were used in the bioassays.
Growtlz of Irfected Plntz~s Used for Estractiorz
For the preparation of extracts from interactions involving the Sr6 or sr6 near-isogenic lines of wheat, plants were grown in growth chambers (photoperiod: 16 h light, 20 000 lx; 8 h darkness; 20°C) for 7 days. T o precondition plants against expression of the Sr6 gene (lo), the temperature was raised to 26°C 24 h before inoculation. Primary leaves were inoculated by r~~b b i n g with a sporetalc mixture (1 :5 v/v), sprayed with water, and each pot was covered with a Sisal Glaze vinyl hood and incubated 16 h at 20°C in the dark. Plants were illuminated (20 000 Ix) and kept for 6 h at 20°C, and for an additional 50 h at 26°C in the nor~nal photoperiod. The hoods were removed at the end of the first light period after inoculation. Seventy-two hours after inoculation flecks were visible on the leaves, and histological observations showed extensive fungal colonization with little necrosis. The temperature was then returned to 20°C for a further 30 h to initiate the necrotic reaction in incompatible combinations of host and fungus. The leaves were harvested and stored in liquid nitrogen. For the preparation of extracts from interactions involving S1.5 and S r I I genes for resistance, plants were kept conti~luo~~sly at 20°C and harvested 24 h after flecks first appeared.
Preparatiolz of Ac~ive RNA fror7r I~lfectecl Leaves All glassware and equipment coming in contact with nucleic acid were washed with a 255 a q~~e o u s suspension of bentonite to inhibit ribonuclease. Solutions and extracts were kept at 0°C unless otherwise stated. Centrifugations were carried out at 4'C and 1000 X g. The extraction procedure was a modification of that described by Diener (2) . Leaves were crushed in liquid NZ and homogenized with chloroform-11-butanol (1:l v/v) and an equal volume of 1 M KzHP04 containing 0.17; bentonite. Two milliliters of this mixture was used per gram fresh weight of leaves. Rubber gloves were worn t o squeeze the homogenate through autoclaved miraclothcheesecloth. The residue was reextracted with a small volume of fresh chlorofor~n-butanol-1 M K2HP04, and the combined filtrates were centrifuged to break the emulsion. The chloroform (lower) phase was discarded. The upper phase and interphase were combined and stirred with 0.75 volumes of redistilled phenol for 30 min, centrifuged, and the phenol (upper) phase was discarded. Interphase and aqueous phase were combined, reextracted with phenol, and centrifuged. The nucleic acids contained in the aqueous (lower) phase were precipitated at -20°C with 2.5 volumes of 95' ; ; ethanol.
The preparation was centrifuged for 15 min in a swinging-bucket rotor to give a compact skin of nucleic acids at the interface between ethanol and phosphate phases. The skin was washed with 9556 ethanol and flushed with N-, gas to remove ethanol. The pellet was dissolved with several aliquots of 1/10 SSC (1/10 saline citrate buffer: 15 mM NaC1, 1.5 mM sodium citrate, pH 7.0) to give 60 ,4260 units/ml.
The nucleic acid preparation was further purified by two-phase separation ~vith 2-methoxyethanol and precipitation with cetyltrimetl~ylamn~onium bromide (1) using 2.5 M KzHP04 at pH 9.5. The precipitate was stored under 95% ethanol at -20°C.
T o remove deoxyribonucleic acid (DNA), the preparation was trcated (1 11, 20'C) with ribonuclease-free deoxyribo~luclease (RNase-free DNase) (Worthington). The incubation mixture contained 100 pg DNase and 20 ,4260 units nucleic acid preparation per milliliter in 500 mM NaC1, 50 mM MgC12, and 10 mkI Trisz-HC1, pH 7.4. The reaction was stopped with the addition of an equal volume of phenol saturated with 1/10 SSC. After partition, the aqueous (upper) phase was extracted five times with peroxide-free ether to remove phenol. The RNA was precipitated by addition of 0.1 volume 3 M potassium acetate (pH 6.0) and 2.5 volumes of 955% ethanol and stored overnight at -20°C. The precipitate was recovered by centrifugation, washed with 95% ethanol, dried with N2 gas and dissolved in 1/10 SSC t o give 70 A260 units/ml. Typically, extracts contained RNA, oligonucleotides of DNA, and protein in a ratio of 94:5:1, by weight (9) .
Some of the extracts produced a relatively high "background" as measured by the number of necrotic cells in leaves of the S-line. Conductivity measurements showed that these extracts had abnormally high levels of electrolytes. We attributed this to magnesium, since MgC12, tested separately in the bioassay, caused formation of necrotic cells at 2 10 mM. Magnesium may have coprecipitated with RNA after DNase treatment. Extracts with conductivities of more than twice that of 1/10 SSC Lvere further treated to remove excess salt by washing ethanol-precipitated RNA with 70yA ethanol containing 0.1 M potassium acetate (pH 6.0), then 95% ethanol.
After dissolving in 1/10 SSC, some preparations were used immediately for bioassays; others were stored frozen at -20°C or lyophilized and stored at -20°C. Before use, lyophilized material was reconstit~~ted with distilled water. Solutions of active RNA that were stored frozen lost activity after several months, but activity was not lost during this time in lyophilized material.
Bioussuy Procednre
Seeds were treated with Captan and sown in a sterilized soil-sand mixture. Plants were grown in a growth chamber (photoperiod: 16 h light, 20 000 Ix; 8 h darkness; 20°C). Seven days after planting seedlings were thinned to 20 plants per pot. Uredospores were washed by shaking with 0.019& Triton X-100 (2.5 mg spores/ml) (6), centrifuged, and suspended in a solution containing gelatin (0.1 4;/b) and Tween 20 (0.001 %). Washed uredospores germinated readily and suspensions of 1-3 mg of spores/ml were used to obtain desired densities of infection (800-1600 appressoria/cm"eaf).
Uredospore suspensions were applied with a cotton swab to 2 cm of the adaxial leaf surface, 2-3 cm from the leaf tip. The leaf tip was avoided because histological observations of this region showed that it often contained many necrotic cells, even in healthy leaves.
Inoculated plants were sprayed with water, covered with Sisal Glaze vinyl hoods, incubated in the dark (16 h, 16-20"C), then transferred to a growth chamber (photoperiod: 16 h light, 20 000 Ix; 8 h darkness: 20°C). This resulted in near-synchronization of fungal development (10) . T o determine infection density (appressoria/ cmqeaf), five leaves from each pot were harvested at the beginning of the first light period, the inoculated leaf segments cleared by boiling in lactophenol-ethanol (1 :2 v/v) for 90 s, rinsed in 50% ethanol, and stained for 10 min with trypan blue -chloral hydrate (0.1% trypan blue (C.I. No. 23850) in 70YG (w/v) aqueous chloral Ilydrate). The leaf segments were rinsed in water and mounted in lactophenol for microscopic examination. The hoods were removed at the end of the first light period.
One to 2 11 before injection, bioassay plants were transferred to a laboratory bench(5000 Ix, ?PC), because plants could not be readily injected when first removed from the growth chamber. Twenty-four hours after the beginning of the first light period, RNA preparations dissolved in 1/10 SSC were injected into leaves between the tip and the inoculated area, so that the intercellular spaces in the inoculated regions were flooded with extract. The apparatus used for injection was essentially the same as that used by Hagborg (4), except that the rubber stopper did not contain a cavity, thus allowing the tip of the syringe needle to penetrate the leaf. With practice it was possible to inject 30 leaves with 400 of extract. T o determine the effectiveness of the injection procedure, we injected tritiated RNA into leaves of bioassay plants and measured the amount of radioactivity residing in I-mm-wide contiguous segments in the inoculated area. Each segment contained essentially the same amount of radioactivity, showing that the RNA was uniformly distributed.
After injection, the plants were returned to the growth chamber, and after an appropriate time (11 h unless otherwise stated) the inoculated leaf segments were excised, cleared in lactophenol-ethanol, and rinsed in 50y0 ethanol. T o detect necrotic cells by fluorescence (8) , leaf segments were rinsed in 25% glycerine, mounted in glycerine, and examined with a Zeiss standard microscope equipped for fluorescence microscopy with transmitted light (XBO 150 w/l xenon high-pressure lamp; VX 150 Siemens power supply; BG 38 heat filter; BG 12 exciter filter with peak transmission at 400 nm; barrier filters 50 and -65; X 10 Neofluar objective; X 10 Kpl ocular). To detect necrotic cells by staining, leaf segments were immersed in trypan blue -chloral hydrate for 3-4 h, rinsed in water, and mounted in lactophenol (10) . Twenty-four hours later the stained leaf segments were sufficiently cleared to permit microscopic examination. Necrotic cells stained dark blue and appeared to be collapsed.
The sample size in each treatment consisted of 10 to 15 leaf segments and six fields of view representing 0.12 cm2 were examined per segment. Unless stated otherwise, the number of necrotic sites in each sample was determined by fluorescence. An active extract was defined (9) as one that induced significantly more necrotic cells in the genotypically resistant leaves (R-line) than in the genotypically susceptibe leaves (S-line) of wheat. Statistical treatment of the data was as previously described (9) .
Results and Discussion
Production of Active R N A
To investigate whether a resistant reaction is required for production of the active RNA we exploited the temperature lability of the SrG gene. After infection with an avirulent race, C17(56), plants containing this gene display a resistant reaction at 20°C and a susceptible reaction at 26°C. Histological observations of plants kept continuously at 26°C for SO h showed no evidence of necrosis, whereas plants transferred to 20°C 30 h before harvest had extensive necrotic areas surrounding each infection focus. Extracts prepared from leaves temperaturetreated either way were both active in the bioassay system (Table 2) . Evidently, the resistant reaction was not required for production of the active RNA.
In a series of experiments we attempted to determine whether the active RNA was produced by the host or by the fungus. Near-isogenic lines of Chinese Spring wheat, one containing the Sr6 gene for resistance and one containing the sr6 gene for susceptibility, were infected with race C17(56) (containing the P 6 gene for avirulence) or with race C45(56A) (Table 3 ). These results show that the genotype of the host was not important for production of the active RNA, but that the gene for avirulence was essential. This suggests that the active RNA was a product of the iene for avinllence.
In earlier experiments (9), we were unable to obtain activity from Chinese Spring wheat, containing the Sr5 gene for resistance, when infected with an avirulent race of stem rust (Sr5/P5 interaction). This lack of activity was attributed to limited fungal development characteristic of this gene interaction. If the genotype of the host is not important for production of active RNA, it should be possible to obtain an active extract from genotypically susceptible wheat leaves infected with a race [C24(17)] avirulent with respect to Sr5 (sr5/P5 interaction). An active extract was obtained from this host-parasite complex (Table 4 ). This supports the conclusion made above (Table 3 ) that the active RNA is produced by the avirlllent pathogen. The extract was not active when tested with the Sr6 bioassay system. This was expected, since race C24(17) is bB~oassay system: R-line, Chinese Spring wheat containing the Sr6 gene; S-line, Chinese Spring wheat containing the sr6 gene; both infected with race C45(56A) of wheat stem rust containing the p6 gene.
cR significantly grater than S a t 0.05 level of probability. UBioassay system: as in Table 2 . bkaves stained with trypan blue for detection of necrotic sites: average of two to four separate experiments.
CR significantly greater than S a t 0.05 level of probability.
virulent with respect to Sr6 ( Table 1 ) and showed that the extract had gene specificity as had extracts from host-parasite complexes involving other genes for avirulence (9) .
Coizditions of Bioassay
For future work it was desirable to define bioassay conditions that would give optimal response and improve the reproducibility of the assay.
EfSect of the Time Itzterval Between Iifictioit and Injection of the Extract
The beginning of the light period 16 h after infection was taken as a convenient reference point, because the formation of appressoria is completed at this time and no further differentiation occurs until exposure to light (10) . Injection of an active extract at 0 h and 12 h after the bioassay plants were first exposed to light after inoculation produced no response (Table 5) . Bioassay plants injected after 24 h or later responded to the extract. The earliest response observed (24 h) corresponds to the stage of development in the natural system when host cells containing the gene for resistance begin to show a necrotic reaction in response to an avirulent pathogen (10) . At times later than 24 h, the incidence of necrotic sites after injection increased in both the R-line and the S-line, resulting in no further improvement of the sensitivity of the bioassay. "Background" levels of necrotic sites in leaves infected but not injected also increased with time. We routinely inject bioassay plants at 24 to 26 h after first exposure to light after infection.
Fluorescetzce Assc~y Versus Trypan Blue Staining
In our initial experiments (9) , where necrotic cells were made visible by staining with trypan blue, we arbitrarily chose 6-h or 12-h intervals between injection and excision of leaf segments for the histological observations. When both time periods were used, the longer period resulted in increased sensitivity as shown by the higher R : S ratios (Table 6 ). Before adopting fluorescence microscopy we determined the number of necrotic sites in the same leaf segments both by fluorescence and then by staining with trypan blue. In a large number of experiments in Uprepared from the Sr6/P6 interaction; avirulent race used: C17(56).
aBioassay system: as in Table 2 .
CR significantly greater than S at 0.05 level of probability.
which plants were harvested 11 h after injection with active RNA, comparable results were obtained with the two methods, although the data from stained tissue usually gave a higher R : S ratio. In all cases, however, fewer necrotic sites were observed in stained tissue in both R-and S-lines. Our observations suggest that while some cells accumulate fluorescing compounds but do not stain, all stained cells fluoresce. We concluded that the fluorescence assay yielded satisfactory results and was quicker and simpler than staining with trypan blue. It was therefore used routinely. After adopting the fluorescence assay, we investigated how soon after injection of the active RNA necrosis can be visualized with this technique and we determined the optimal time at which to harvest. The results show that bioassay plants did not respond to active RNA at 1 h but did respond at 3 h (Table 6 ). There was no further change after 6 h.
Response of Bioassc~y Plants Containitzg tlze Sr6 Gene to Active R N A as a Fzlnctioiz of Tenz~~erature
Since the Sr6 gene for resistance is temperature-sensitive, it was of interest to determine the response of bioassay plants containillg this gene to active RNA at a range of temperatures, including 26OC, where the SrG gene for resistance is not expressed. An extract prepared from plants representing the Sr6/P6 interaction was active when tested at 15OC and 20°C but was not active when tested at 26OC (Table 7 ). This effect is probably not related to the temperature lability of the Sr6 gene, since extracts prepared from infected plants representing the temperaturestable sr5/P5 and S r I I / P I I interactions behaved TABLE 6 Response of bioassay plants measured at various time intervals after injection of active RNAU Necrotic sites/cm2 leaf of bioassay plantsb visualized with:
Uprepared from the Sr6jP6 interaction; avirulent race used: C17(56).
bBio?ssay system: as in Table 2. cR s~gnifimntly greater than S at 0. 05 level ofprobability. similarly. The lack of activity at 26OC was not further investigated.
EfSPct of Infectioiz Densities on Bioassay Sensitivitv
In an attempt to improve the sensitivity of the bioassay we increased infection densities of the bioassay plants, assuming that a greater number of infections would result in a greater number of necrotic sites in the bioassay. This was not the case (Table 8 ). With increasing infection density (appressoria/cm2 leaf) the sensitivity of the bioassay declined when expressed as the ratio ( R : S ) of necrotic sites in resistant and susceptible bioassay plants. In addition, the number of necrotic sites per 100 appressoria also declined with increasing density of infection in the R-line but not in the S-line. indicating that there is no " advantage in using very high levels of infection. Since the response of bioassay plants to active RNA is iilffuenced by the infection density in the bioassay, and since it was impossible to consistently reprodi~ce desired levels of infection, we determined infection density before each assay. Gro~ips of plants with infection densities lower than 800 appressoria/cm2 leaf or higher than 1600 appressoria/cm2 leaf were rejected, but the data indicate that infection densities lower than 800 appressoria/cm2 leaf may also be suitable.
Nzrinbers of Potentially Reactive Sites Re.~pond-ing in the Bioasscly
We compared the number of necrotic sites produced in the bioassay with those produced in the incompatible interaction. When plants of the R-line were infected with an avirulent pathogen [race C17(56)] and injected with 1/10 SSC, 60% of the infection sites, as determined by numbers of appressoria formed, contained necrotic cells under conditions identical with those used in bioassays (Table 9 ). In a typical bioassay, when plants of the R-line were infected with a virulent pathogen [race C45(56A)] and injected with active RNA dissolved in 1/10 SSC, 3-6% of the infection sites contained necrotic cells ( Table 9 ). The levels of necrosis in bioassay plants of the S-line were similar to those i n $ants of the S-line infected with a race avirulent to Sr6. When the values are corrected for "background" necrosis occilrring in the S-line, it can-be estimated that 2-7% of the potentially reactive sites in bioassay plants of the R-line responded to active RNA by becoming necrotic. Higher values have been obtained in other experiments conducted under different conditions. It is unlikely that all potentially reactive sites would become necrotic under any one set of bioassay conditions, since not all cells containing haustoria may come into contact with active RNA and not all cells may have the same threshold of response. In fact, differences in reactivity have been observed in different cells of the Sr6 line infected with an avirulent race of stem rust (10) .
Requirement for a Virulerzt Stenz Rzrst in the Bioassay Preliminary experiments (9) and data reported in Table 5 showed that the presence of haustoria was necessary before bioassay plants would respond to active RNA. The virulent race of stem rust could not be omitted or replaced by leaf rust in the bioassay system but could be replaced by other virulent races of stem rust (Table 10) (9) . Clearly, active RNA did not act as a host-specific toxin, because it did not cause necrosis in non-infected bioassay plants. Since necrotic cells were produced only when haustoria Table 2 . bPrcpared from thc Sr6jP6 interaction; avirulent race used: C17(56). were present, it might be assumed that haustoria facilitated entry of the active RNA into host cells where it could interact with the product of the gene for resistance. The assumption that haustoria provide ports of entry for the active RNA in a purely mechanical sense is probably incorrect, because RNA known to be active did not show activity when it was injected into leaves containing leaf rust haustoria. Active RNA isolated from a stem rust -wheat interaction involving the gene for avirulence showed activity only when both the corresponding gene for resistance and stem-rust haustoria were present in bioassay plants. It has been shown (10) that haustorial formation recedes host cell necrosis in resistant wheat infected with an avirulent race of rust. Apparently, the association is rendered incompatible by the product of the gene for avirulence supplied by the parasite in sitzi after development of haustoria. In the bioassay, where a virulent race of rust is used, the compatible association between host cell and haustorium can be rendered incompatible when an RNA fraction, presumably containing the product of the gene for avirulence, is injected. The results of our experiments are consistent with the following scheme for the sequence of where Pn designates a given gene for avirulence, RNAP, its gene product, and Srn the corresponding gene for resistance or its gene product.
